The boreal forests of the eastern United States, composed mainly of red spruce (Picea rubens) and Fraser fir (Abies fraseri), form an archipelago extending southward from Canada and northern Maine into southwestern North Carolina. Total area of North American spruce-fir habitat is estimated to be 100,000 km 2 , with southern Appalachian patches comprising 0.003% (266 km 2 ) of this total (Dull et al. 1988) . Boreal habitat in the southern Appalachians occurs on mountaintops and ridgelines above 1,350 m, where moister, cooler climates are more typical of southern Canada than that of the southeastern United States below this elevation (White et al. 1993) . After the Wisconsinian glacial advance in the Pleistocene, between 10,000 and 12,000 years ago, spruce-fir habitat was continuous within the lower elevations of the southeastern United States (Delcourt and Delcourt 1984; Delcourt et al. 1993) . A gradual climatic warming trend after the Pleistocene led to the fragmentation of spruce-fir forests in the southern Appalachians, forcing the recession of these forests to higher elevations (Whittaker 1956 ). Some expanses of Appalachian boreal habitat are connected by spruce-fir corridors along ridgelines; other patches resemble ''sky islands'' punctuated by deep valleys and surrounded by ''oceans'' of alternative vegetation. Examination of paleontological data suggests that these boreal islands have been separated from each other for at least 8,000-10,000 years (Delcourt and Delcourt 1984; White and Cogbill 1992) .
The southern red-backed vole (Myodes gapperi, formerly known as Clethrionomys gapperi) is distributed throughout much of northern North America, with southern range extensions along the Rocky Mountains in the west and the Appalachian Mountains in the east (Hall 1981; Wharton and White 1967) . In the southern Appalachian Mountains, M. gapperi exhibits vegetational and climatic requirements linked to boreal habitats and is generally restricted to elevations .600 m and more commonly to elevations .1,200 m (Handley and Patton 1947; Webster et al. 1989) . Although a number of studies have examined subdivision in isolated mammal populations (Browne 1977; Loxterman et al. 1998; Stewart and Baker 1991; Wayne 1991) , only recently have studies been conducted on relictual boreal populations. As Reese et al. (2001) have noted, the relatively high abundance of M. gapperi and its presence in both insular and relatively continuous habitat at higher altitudes suggest that it should be a useful organism for understanding how post-Pleistocene fragmentation affects boreal species in the southern Appalachians. In addition, by using a comparative approach using studies on the population genetics of a number of species, primarily mammals, found in the spruce-fir sky islands (with varying degrees of habitat restriction), we hope to obtain insights into the effects of fragmentation on natural populations. Thus, we are examining a gradient of habitat specificity where some species (e.g., northern flying squirrel [Glaucomys sabrinus-Arbogast 1999; Browne et al. 1999 ] and pygmy salamander [Desmognathus wrighti -Crespi et al. 2003 ]) are tightly linked to boreal habitat, whereas other species in the boreal habitat also occur in nonboreal habitats (e.g., red squirrel [Tamiasciurus hudsonicus- Arbogast et al. 2001] , the shrews Sorex cinereus and S. fumeus [Sipe and Browne 2004] , and North American deermouse [Peromyscus maniculatus -Browne et al. 1999; Lansman et al. 1983] ). This approach also may be extended to comparisons between boreal and nonboreal congeners. For example, the unexpectedly low mitochondrial DNA (mtDNA) and nuclear genetic variability of southern flying squirrels (Glaucomys volans) compared to G. sabrinus suggest that the range of North American Pleistocene deciduous forests may be much less extensive than previously thought (Arbogast et al. 2005) .
In this study allozyme data, reflecting primarily nuclear genes, and sequence data from the control region of mtDNA were used to estimate levels of genetic variability within and among populations of M. gapperi found in southern Appalachian spruce-fir regions. Nuclear and mtDNA data have differential responses to population-level demographic and genetic forces, and often have different evolutionary histories (Avise 1994) . We tested for significant genetic structure for populations among all sample sites, among spruce-fir islands, and between populations located north and south side of a potential low-altitude barrier, the French Broad River. Genetic distances among sites, based on both mitochondrial and nuclear genes, were tested for correlation with geographical (map) distance among spruce-fir habitats.
MATERIALS AND METHODS
Study sites.-The spruce-fir habitat in the southern Appalachians consists of 7 principal areas (Appendix I; Fig. 1 Alloyzme analysis.-Tissues used for allozyme analysis were collected from June 1993 to August 1998 from the sites listed in Appendix I, which also lists sample sizes from each location. Animals were collected using Sherman live traps and euthanized in the laboratory with ethyl ether. Protocols followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and were approved by the Wake Forest University Animal Care and Use Committee. Heart, liver, and kidney tissues were removed and immediately processed by grinding small amounts of tissue with 1% ethylenediaminetetraacetic acid-Tris buffer solution. The resulting homogenates were stored at À708C. Blood or tissue samples were electrophoresed on starch gels on both continuous (Tris-borate-ethylenediaminetetraacetic acid) and discontinuous (Poulik's) buffers, and stained following the recipes of Hillis et al. (1996) . Nineteen loci were scored (Enzyme Commission [EC] numbers are those cited by Hillis et al. [1996] ): aconitate hydratase (ACOH-1), EC 4.2.1.3; aspartate aminotransferase (AAT-1), EC 2.6.1.; EC 3.4.11.1; esterase (EST-1, EST-2, EST-3, EST-4, EST-5), EC 3.1.1.-(colorimetric); glucose-6-phosphate dehydrogenase (G 6PDH-1) EC 1.1.1.49; glycerol-3-phosphate dehydrogenase (G 3PDH-1, G 3PDH-2), EC 1.1.1.8; glucose-6-phosphate isomerase (GPI-1) EC 5.3.1.9; lactate dehydrogenase (LDH-1) EC 1.1.1.2;7 malate dehydrogenase (MDH-1), EC 1.1.1.37; peptidase using leucylglyclyglycine as the substrate (PEP-1, PEP-2), EC 3.4.-.-.; phosphoglucomutase (PGM-1), EC 5.4.2.2; phosphogluconate dehydrogenase (PGDH-1), EC 1.1.1.14; superoxide dismutase (SOD-1), EC 1.15.1.1; and xanthine dehydrogenase (XDH-1), EC 1.1.1.204.
To provide information on levels of genetic diversity within the nuclear genomes of populations of M. gapperi, allozyme data were used to calculate allele frequencies for each locus, the percentage of polymorphic loci (% P, at 0.95 level), and average individual heterozygosity (% H) for each population. Dull et al. [1988] and Crespi et al. [2003] Goodness-of-fit tests were performed to test for conformance to Hardy-Weinberg equilibrium. In order to examine the genetic similarity among groups, genetic identities and distances were calculated between populations (Nei 1973) . F statistics (F ST -Wright 1965 , 1978 were used to estimate population subdivision at the nuclear level. Significance of F ST values were calculated following the approach of Workman and Nieswander (1970) .
Sequence analyses.-Because of the failure of an ultracold freezer and the resulting loss of tissue samples, specimens of M. gapperi used in sequence analyses are different individuals than those used in allozymic analyses, although the samples are collected from the same locations. From June 1997 to December 1997, 28 specimens of M. gapperi were collected from 14 locations sampled from 7 spruce-fir islands as indicated in Appendix I. Three additional individuals from 1 km north of Eckerman, Michigan (provided by B. Arbogast), were used as an out-group for phylogenetic analyses.
DNA isolation, amplification, and sequencing.-Genomic DNA and mtDNA were isolated from liver tissue using a phenol-chloroform-isoamyl alcohol purification and following the protocols described in Hillis et al. (1996) . Polymerase chain reaction was used to amplify a fragment of 1,239 base pairs from the mitochondrial genome containing the proline tRNA gene, the control region and the phenylalanine tRNA gene. Polymerase chain reaction was further used to amplify a fragment of 597 bases from the control region. The control region is often preferred over other mitochondrial sequences because it is the most variable region of the mtDNA genome (Avise 1994; Hillis et al. 1996) . Primers were designed according to a sequence that is conserved between mouse and human mtDNAs; the upstream primer was 59-CCCAAACGCTGGTATTCTA-39 and the downstream primer was 59-AAAGGCCAGGACCAAACCT-39. Amplification consisted of 35 cycles, with each cycle as follows: 1 minute at 948C, 1 min at 508C, and 2 min at 728C. Fragments were purified on Microcon-100 columns (Millipore, Bedford, Massachusetts) and quantified by ultraviolet spectroscopy. Sequencing was performed on an ABI Prism 377 automated sequencer (Perkin-Elmer, Boston, Massachusetts). Sequences were edited using Sequencher software (version 3.0, Gene Codes, Sequencher Corp., Ann Arbor, Michigan) and were aligned manually. Sequences were submitted to GenBank as accession numbers AY393808-AY393835. (In Appendix I the last column lists the last 2 accession numbers corresponding to the individuals obtained from each site.)
Sequence data analysis.-The software program Arlequin (Schneider et al. 2000) was used to generate statistics, including diversity indices, Euclidean square distances among populations using the Kimura (1980) 2-parameter method, exact test of sample distribution based on haplotype frequencies (Goudet et al. 1996; Raymond and Rousset 1995) , mismatch distribution (Li 1977; Rogers 1995) , and Tajima's (1993) test for selective neutrality.
We employed È ST , an analog of Wright's fixation index (F ST ), to quantify the inbreeding of population substructure. Pairwise È ST values were calculated in Arlequin for all combinations of populations sampled. The null distribution of pairwise values under a hypothesis of no differences between populations was obtained by 1,000 permutations of haplotypes between populations. P-values were determined as the proportion of permutations leading to È ST values larger than or equal to the values observed.
Analysis of molecular variance (AMOVA) permitted determination of the extent of geographic subdivision of mitochondrial haplotypes (Excoffier et al. 1992) . We used Arlequin to generate Tajima-Nei distance estimates between all possible pairs of haplotypes. Population subdivision was analyzed between all populations of M. gapperi; between populations north and south of the French Broad River, a presumptive barrier; and between 7 disjunct spruce-fir islands. The significance of the different variance components was tested by randomizing sequences among populations (1,000 permutations).
To determine whether the pattern of differentiation among vole populations supported a hypothesis of isolation-bydistance, Mantel's test (Mantel 1967) was applied following the method of Hutchinson and Templeton (1999) . This approach tested whether genetic distances between populations increased with greater geographic distances between their sites of origin. Point-to-point geographic distances were measured from topographic maps of the study area. Genetic distances were calculated as mean pairwise number of base-pair differences between individuals collected from separate populations (Nei and Li 1979 ).
An alternative method of testing for degree of population structure also was employed. N ST values were calculated where
, with V b equal to the average number of basepair differences for sequences between populations and V w equal to the average number of base-pair differences for sequences within populations (Lynch and Crease 1990; Takahata and Palumbi 1985) . To obtain probability values for each N ST value, sequences and populations locations were randomized to simulate panmixis between populations, and N ST values were calculated for each randomized data set (Hudson et al. 1992) .
Neighbor-joining trees (unrooted-Saitou and Nei 1985) were generated using PAUP, version 4.0b10 (Swofford 2002) based on Tajima-Nei genetic distances. The parsimony method, generated using PAUP 4.0b10 (Swofford 2002) , also was used to infer topologies for comparison with the neighborjoining method. Nodal support was estimated using 1,000 bootstrap replicates.
RESULTS
Allozyme data.-Allele frequencies for the 19 loci examined, percentage of loci polymorphic, and average individual heterozygosity for each population, as well as summary values, are listed in Table 1 . Significant deviation from HardyWeinberg equilibrium occurred (in each case heterozygosity was less than expected) for EST-2 at Grandfather Mountain; for PGDH-1 and PEP-1 at Roan Mountain; for PGDH-1 and G-3PDH-1 at Mount Mitchell; for PGDH-1 at Pisgah Ridge; and for EST-1, EST-4, and MDH-1 at Balsam Mountain.
Mount Mitchell and Grandfather Mountain each had 2 private alleles, whereas Roan and Balsam mountains each had 1 private allele. Mean heterozygosity ranged from 1.75% at Whitetop Mountain to 16.78% at Mount Mitchell, with a mean value of 8.63% 6 2.03% SE for the 7 populations. The percentage of loci polymorphic ranged from 5.23 at Whitetop Mountain (which had a small sample size) to 57.90 at Balsam Mountain, with a mean value of 39.84% 6 7.06% SE for the 7 populations.
Genetic distances, as shown by Nei's D, ranged from 0.037 between Mount Mitchell and Roan Mountain to 0.310 between Grandfather Mountain and the Great Smoky Mountains (Table  2 , above the diagonal). The average genetic distance between any 2 sites was 0.139 6 0.079 SE.
The F ST values, which estimate the degree of genetic structure within and among populations, are listed in Table 3 .
F ST values ranged from 0.100 to 0.517, with the largest values generally occurring between Roan Mountain or Grandfather Mountain compared to the remaining sites. The average F ST value between any 2 sites was 0.0296 6 0.026 SE. When the 7 populations are analyzed as a metapopulation (rather than the pairwise values listed in Table 3 ), F ST ¼ 0.599, F RT ¼ 0.361, and F IT ¼ 0.372
One method of estimating migration rates among populations is based on the relationship between N m and F ST , where
and N m is an estimate of the actual number of migrants per generation. If N m , 2, there is considerable opportunity for genetic divergence among populations (Hartl and Clark 1997) . For the metapopulation, N m ¼ 0.1673, indicating that migration is low enough to allow for significant genetic divergence. Genetic distances, based on uncorrected percentage mtDNA sequence variation, for paired combinations of populations from the 7 spruce-fir islands are presented in Table 2 (below diagonal). The largest value occurred between Whitetop Mountain and the Great Smoky Mountains, the 2 most geographically distant locations in our study. Relatively large divergence values also were found between Balsam Mountain and both Roan and Grandfather mountains, and between Pisgah Ridge and both Roan and Grandfather mountains. The lowest value was between Roan Mountain and Grandfather Mountain. Nei's D values and the percentage sequence divergence for the 7 populations are not significantly correlated (Spearman's r ¼ 0.330).
Arlequin-based tests (Schneider et al. 2000) for sample differentiation based on haplotype frequencies (Goudet et al. 1996; Raymond and Rousset 1995) , mismatch distribution (Harpending 1994; Li 1997; Rogers 1995) , and selective neutrality (Tajima 1993) showed no statistical significance.
Analysis of molecular variance using mtDNA sequence data indicated that a significant amount (28.94%) of the total variation in the data set for M. gapperi was partitioned to the between-population component, which corresponded to È CT of 0.289 and a P-value of 0.003 (Table 4) . Genetic variation of M. gapperi also showed clear large-scale geographic structure, as evidenced by a north-south division at the French Broad River (32.14%; È CT ¼ 0.139, P ¼ 0.005). A grouping reflecting the 7 spruce-fir islands also was significant (23.91%, È CT ¼ 0.239, P ¼ 0.009). The degree of population structuring in mtDNA of M. gapperi indicates strong restriction of mtDNA across the low-elevation French Broad River and among mountaintop populations. Geographical distances among spruce-fir locations were significantly correlated with both percentage sequence divergence (Mantel's test, 1,000,000 permutations, 13 Â 13 matrix, r ¼ 0.590, P ¼ 0.0013) and Nei's D (Spearman's r ¼ 0.611, P , 0.05), indicating that gene flow among populations of M. gapperi fits an isolation by distance model. An estimate of genetic structure based on N ST values corresponded closely to the results based on AMOVA and hence are not reported in detail. For the metapopulation, N ST ¼ 0.235 (P , 0.001). N m (based on mtDNA data) ¼ 1.244, a sufficiently low value of gene flow for the development of significant population structure but not the degree estimated for allozyme data.
Tree-based analysis.-Sequence data provided evidence of phylogeographic structuring of mtDNA haplotypes. A neighbor-joining tree composed of all sampled individuals is depicted in Fig. 2 . The phylogenetic topology for M. gapperi showed relatively good bootstrap support for several clades in close geographic proximity. There is also strong support for a branch of 16 individuals (at the bottom of the tree) that occur south of the French Broad River (plus the Michigan outgroup). Of the remaining 12 individuals, 8 are from north of the French Broad River and 4 are from south of the river. A parsimony tree (not shown) depicts nearly identical relationships. An unweighted pair-group method using arithmetic averages tree (also not depicted) based on Nei's D for allozyme values, is similar to the sequence-based tree depicted in Fig. 2 .
DISCUSSION
Significant deviations from Hardy-Weinberg equilibrium values for a number of allozyme loci, where excess homozygosity was observed in 5 populations, indicate that inbreeding has occurred in southern red-backed vole populations of the southern Appalachians. Heterozygosity was ,7% for voles sampled from the small, isolated spruce-fir habitats of Whitetop Mountain, Grandfather Mountain, and Roan Mountain. Heterozygosity was .12% for the largest spruce-fir habitats, Mount Mitchell and the Great Smoky Mountains. Heterozygosity also exceeded 12% for the relatively small spruce-fir location at Balsam Mountain. However, there is only a 4-km gap of non-spruce-fir vegetation separating that site from the Smoky Mountains location. The altitude in that gap is within the range commonly reported for M. gapperi and hence the Balsam site may be less insular than the others. In general, genetic distances were similar to those reported for other populations of rodents found in islandlike areas (Dallas et al. 1995; Loxterman et al. 1998; Reese et al. 2001) .
Based on allozyme data, Grandfather Mountain is the genetically most isolated site, with an average genetic distance (D) of 0.237 between Grandfather Mountain and the remaining 6 locations. For the remaining sites, the average genetic distance (D) between any 2 locations ranges from 0.102 to 0.141. The 3 northern sites, Whitetop, Grandfather, and Roan mountains, are relatively isolated, whereas populations south of the French Broad River (Pisgah Ridge, Balsam Mountain, and Great Smoky Mountains) have small genetic distances among each other (D , 0.097). Mount Mitchell, which is located in the middle of the sampled locations, appears to be largely isolated from Grandfather Mountain (as are all other populations) but has a high degree of similarity (D , 0.039) with its nearest northern (Roan Mountain) and nearest southern (Pisgah Ridge) populations.
Neighbor-joining tree analysis indicates that there is robust (i.e., .70%) bootstrap support for several clades in close geographical proximity. The tree also suggests that haplotypes occurring in locations north of the French Broad River (Roan, Grandfather, Mitchell, and Whitetop mountains) show limited dispersal. In contrast, haplotypes that occur south of the French Broad River are often dispersed throughout the tree. These results are not surprising because the spruce-fir habitats north of the French Broad River in general are smaller in size and more isolated than spruce-fir habitats (including the Great Smoky Mountains) that occur south of the river.
In our study mitochondrial genes appear to have more pronounced geographical population structure than nuclear genes, as has been reported in a number of other small mammals (e.g., North American deermice [P. maniculatus-Lansmann et al. 1983] , pocket gophers [Thomomys- Patton and Smith 1994] , and flying squirrels [Glaucomys- Arbogast et al. 2005) . However, 2 southern Appalachian shrew species have more pronounced population structure for nuclear markers (amplified fragment length polymorphisms) than for mtDNA sequences (Sipe and Browne 2004) . A possible confounding factor is that mtDNA sequence, amplified fragment length polymorphisms, and allozyme analyses differ not only in what part of the genome is examined but also in their relative powers of detection of population structure (Creer et al. 2004; Shaw 2002) .
Examination of both allozyme and mtDNA data indicates that populations of M. gapperi in the southern Appalachians show significant genetic structure, with limited gene flow within the southeastern United States. The metapopulation of M. gapperi consists of several genetically differentiated regions centered on isolated spruce-fir islands, within which local populations are relatively similar. Gene flow has homogenized genetic variability within islands, whereas structure among islands has been preserved by physical barriers and climatic effects on vegetation. Spruce-fir habitat was continuous within much of the southeastern United States at the end of the Pleistocene (Delcourt and Delcourt 1984; Delcourt et al. 1993) , suggesting that M. gapperi within the southern Appalachians consisted of a large, panmictic population during this time. The fragmentation of spruce-fir habitat in the southern Appalachians is thought to have occurred primarily as a result of a warming trend after the Pleistocene (White et al. 1993; Whittaker 1956 ). Not only have spruce-fir habitat areas receded to elevations above 1,350 m, horizontal distances between habitat areas have increased with time. Migration rates between populations of M. gapperi were probably relatively high during the initial fragmentation of spruce-fir habitat in the southern Appalachians, because distances between spruce-fir habitat islands were small. As distances between habitat islands increased, migration rates between populations of M. gapperi correspondingly decreased or ceased, leading to the presentday genetic structure. This may have been especially pronounced during the Hypsithermal Interval ;5,000 years ago (Rheinhardt and Ware 1984; Ware 1999) . During the Hypsithermal, temperatures were warmer and spruce-fir zones were markedly more compact than those of the present period. Decreased genetic diversity also may be linked to recent boreal habitat destruction and modification of anthropogenic origin, such as logging; extensive fires (especially during the beginning of the 20th century); the effects of the introduced insect, wooly adelgid (Adelges piceae); and atmospheric insult such as heavy metal deposition and acid rain (White and Cogbill 1992; White et al. 1993 ). The consequences of a population bottleneck on the amount of genetic variation are different for mitochondrial and nuclear genes and depend on the magnitude and duration of the bottleneck (Gaines et al. 1997; Wilson 1985) . Small population size will tend to have a stronger impact on reducing genetic variability in the mitochondrial genomes compared to the nuclear genome because of the smaller effective population size of the former. For example, although a recent bottleneck may not have a strong effect on levels of nuclear variability, it can substantially reduce or even eliminate variability in mtDNA (Edwards and Beerli 2000) . If a population undergoes a prolonged bottleneck, however, this may be sufficient to substantially reduce genetic variability in both the nuclear and mtDNA genomes, although variable rates of substitution can partially offset this effect. In general, comparing levels of mtDNA and nuclear variability in populations of M. gapperi should permit stronger inferences to be made regarding the effects of historical bottlenecks and better estimates of gene flow than would be possible by examining either class of molecular marker alone. This may be especially applicable for species where dispersal ability is associated with sex (Avise 1994) . Reese et al. (2001) evaluated genetic variation at 2 microsatellite DNA loci in southern red-backed voles from 9 sites in Virginia. Moderate genetic structuring was found among the majority of the sampled populations, with an overall estimate of F ST of 0.07. Overall gene flow estimated indirectly by 3 methods was 1.13-4.44 migrants per generation. Two populations, which appear to be isolated since the Wisconsinian glacial retreat, had low gene diversity and relatively high genetic distances from the remaining populations. Lack of significant deviations from Hardy-Weinberg equilibrium and low F IS values (mean F IS between populations ¼ À0.012) supported the assumptions that populations of M. gapperi were near equilibrium and were randomly mating. In contrast, the significant deviations from Hardy-Weinberg equilibrium for a number of allozymic loci we examined indicate that inbreeding has occurred in the more southern Appalachians. The overall estimate of F ST for the Virginia populations was 0.07, indicating that only 7% of the diversity in the total sample size was due to differences among populations (Reese et al. 2001) . Considerably more structuring (F ST ¼ 0.599) was found for the populations we examined. Because the studies employed different molecular markers that are probably subject to different evolutionary constraints it is not surprising that somewhat different results were obtained.
In our study, F ST , Mantel's test, and È ST values indicate that the genetic variation within populations of M. gapperi in the southern Appalachians is better described by the isolation-bydistance model than the island model. Distribution of southern red-backed vole populations in Virginia also appears to fit this model (Reese et al. 2001 ). In the isolation-by-distance model, genetic structure occurs as a result of short-range dispersal within a continuum of populations (Wright 1978) . Thus, the isolation-by-distance model applies to species whose migration is limited by dispersal abilities. Because of a short average lifetime, home range of 7.6 ha (Potter 1975) , and ecological dependence upon boreal habitat of M. gapperi, dispersion of M. gapperi is likely restricted to short distances outside of this habitat. In contrast to the island model, which predicts no correlation between distance separating populations and level of gene flow, the isolation-by-distance model predicts that populations separated by smaller distances will exhibit higher rates of gene flow than populations separated by greater distances. However, a few populations showed genetic similarity that was unexpected based on geographical distance between the populations, likely because of population bottlenecks. However, sampling error and allelic convergence from mutation cannot be ruled out as alternative explanations.
Our findings extend the comparative hierarchical approach espoused by Browne et al. (1999) of simultaneously examining genetic data for a variety of vertebrate species along a gradient of habitat specificity with different levels of linkage to the spruce-fir ecosystem. North American deermice (P. maniculatus- Browne et al. 1999 ) and southern flying squirrels (G. volans- Arbogast et al. 2005) show virtually no evidence of population structuring in the southern Appala- chians. These species generally occur at low elevations (,1,000 m) and inhabit largely contiguous regions with few barriers to migration (Browne et al.1999) . Two species of Sorex shrews, which are common in spruce-fir forests but are not restricted to the spruce-fir ecosystem, had intermediate levels of genetic structuring in the southern Appalachians, as do populations of red squirrels (T. hudsonicus- Arbogast et al. 2001) . Southern red-backed voles, as shown in our study, have higher levels of genetic structuring than the aforementioned small mammals but less than southeastern populations of northern flying squirrels (G. sabrinus), which reside almost exclusively in spruce-fir patches at the southern extreme of their range and have ,10% of the heterozyosity of northern and western populations (Arbogast et al. 2005; Browne et al. 1999) . The endemic Appalachian pygmy salamander D. wrighti, which has a distribution very closely paralleling the spruce-fir habitat, also has highly significant population structuring (Crespi et al. 2003) .
Extensive bottlenecking has reduced the genetic variability of other species linked with boreal habitat in the southern Appalachians, such as G. sabrinus (Arbogast 1999; Arbogast et al. 2005; Browne et al. 1999 ) and D. wrighti (Crespi et al. 2003) . Bottlenecks occur as a result of severe reduction of numbers within populations due to stochastic fluctuations in climatic conditions or resource availability (Bonnell and Selander 1974; Hartl and Clark 1997) . It is likely that bottlenecking also has increased the rate of random extinction of lineages within each population of M. gapperi. Lineage sorting (Avise 1994 ) might also play a role in this effect. Gene flow among populations of M. gapperi likely began to decline shortly after the fragmentation of spruce-fir habitat in the southern Appalachians and has continued declining as distance between spruce-fir habitats has increased, leading to progressively smaller and more isolated populations. 
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